This paper applies a novel and fast multiscale approach to model ventilation flows and fires in tunnels. The complexity and high cost of full CFD models and the inaccuracies of simplistic zone or analytical models are avoided by efficiently combining mono-dimensional (1-D) and CFD (3-D) modeling techniques. The multiscale model couples a 3-D CFD solver with a simple 1-D model allowing for a more rational use of the computational resources. The 1-D network models tunnel regions where the flow is fully developed (far field), and detailed CFD is used where flow conditions require 3-D resolution (near field). The multiscale method has been applied to model steady-state fires and tunnel ventilation systems, including jet fans, vertical shafts and portals, and it is applied here to study the transient flow interactions in a modern tunnel of 7 m diameter section and 1.2 km in length. Different ventilation scenarios are investigated to provide the timing to reach the critical velocity conditions at the seat of the fire and to remove the upstream back layering. The much lower computational cost is of great value, especially for parametric and sensitivity studies required in the design or assessment of real ventilation and fire safety systems. This is the first time that a comprehensive analysis of the transient fire and ventilation flow scenarios in a long tunnel is conducted.
The study of tunnel ventilation flows and fires is most economical and time efficient when done using computer models. The most computationally cheap models are 1-D models which were developed in the 1970s. These provide the overall behavior of the ventilation system under the assumptions that all the fluiddynamic quantities are effectively uniform in each tunnel cross section and gradients are only present in the longitudinal direction. Because 1-D models have low computational requirements, they are especially attractive, and are widely used by industry, for parametric studies where a large number of simulations is required.
Computational fluid dynamics (CFD) remains the most powerful method to predict the flow behavior due to ventilation devices, large obstructions or fire. In the last two decades, the application of CFD as a predictive tool for fire safety engineering has become widespread. However, CFD analysis of fire phenomena within tunnels suffers from the limitations set by the size of the computational domains and requires large computational resources. The computational cost escalates with the tunnel length and often becomes impractical for engineering purposes even for medium tunnels less than 500 m long. The task is near impossible for large tunnels (kilometers long).
Studies of ventilation and fire-induced flows in tunnels [1] [2] [3] pointed out that in the vicinity of operating jet fans or close to the fire source the flow field has a complex 3-D behavior with large transversal and longitudinal temperature and velocity gradients. The flow in these regions needs to be calculated using CFD tools since any other simpler approach would only lead to inaccurate results. These regions are hereafter named as the near field. However, it has been demonstrated for cold flow scenarios and for fire scenarios that some distance downstream of these regions, the temperature and velocity gradients in the transversal direction tend to disappear and the flow becomes essentially 1-D. In this portion of the domain the transversal components of the velocity can be up to two orders of magnitude smaller than the longitudinal components [3] . These regions are hereafter named as the far field. The use of CFD models to simulate the fluid behavior in the far field leads to large increases in the computational requirements but very small improvements in the accuracy of the results.
On the basis of these observations and for the sake of an efficient allocation of resources, CFD could be applied only to model the near field regions while the far field regions should be simulated using a 1-D model. These types of hybrid models are commonly called multiscale models. Multiscale models allow a significant reduction in the computational time as the more time consuming tool is applied only to a limited portion of the domain. Multiscale techniques have been applied to steady-state flow problems in long tunnels, for cold ventilation flows [1, 4] and to fire induced flows [2] . In the first case the multiscale model has been used to simulate the jet fan discharge cone from jet fans. The predicted velocity values were compared with experimental measurements in a real tunnel [1, 4] . It was demonstrated that the model can provide accurate results with a significant reduction of the computational requirements. The work has been applied to asses the performance of the Dartford Tunnels (London, UK) during emergency ventilation strategies and determine the level of redundancy [4] . These works demonstrated that multiscale modeling is a compelling technique for the simulation of complex tunnel ventilation systems, and furthermore, it represents the most feasible tool to conduct accurate simulations in long tunnels.
The current paper applies multiscale modeling for the first time to solve tunnel transient flows enabling for the efficient investigation of the dynamic interaction between the fire and the whole tunnel ventilation system.
MULTISCALE MODELLING
In a multiscale approach, the CFD and the 1-D models exchange flow information at the 1-D CFD interfaces. There are two general coupling options. The simplest one is the 1-way coupling (or superposition). For example, in the case of an inclined tunnel, it is possible to evaluate the global chimney effect using a 1-D model of the entire tunnel [5] . Then, a CFD analysis of specific tunnel portions can be run using as boundary conditions the 1-D results. This approach does not couple the CFD to the 1-D model and assumes that the flow behavior in the high-gradient regions does not affect the bulk tunnel flow.
A 2-way coupling of 1-D and CFD models, a proper multiscale modeling consists of a physical decomposition of the domain in two or more sub-domains (see Fig. 1 ): Ω 3D represents the sub-domain modeled by means of CFD while a 1-D model is used in Ω 1D . If the solver is able to receive the two sets of equations, the problem can be solved at once. In most of the cases there is a different solver for each model, and therefore iterative calculations are necessary with the two solvers continuously exchanging information at boundary interfaces. 
The CFD Sub-Model
This section describes the particular modeling of the near field conducted here using the commercial CFD code FLUENT. The fluid behavior in the 3-D sub-domain has been modeled using the classical Reynoldsaveraged Navier-Stokes equations (RANS) complemented with the k-ε model for turbulence [6] . Fire induced flows are essentially driven by buoyancy forces which have a non-negligible impact on their turbulent nature. Therefore, the standard k-ε model, developed for constant density flows, has been modified to account for the production and the destruction of turbulent kinetic energy due to the large density gradients [7] . Such approach has been extensively used and largely validated by the scientific community to model fire induced flows [3, 8, 9, 11] .
The fire has been modeled as a volumetric source of heat without a dedicated combustion model as used in Refs. [2] and [14] . The fire source is introduced into the computational domain as a rectangular slab releasing hot gases from the top surface simulating a burning vehicle. Mass conservation is applied by the extraction of air at the obstruction for lateral surfaces simulating air entrainment. The amount of combustion gases injected into the domain and the size of the slab are calculated using Froude scaling allowing for the correct balance between the momentum and buoyancy strength of the fire source. This simplified approach, previously used to model fire induced flows in tunnels [12, 13] , is the most practical given its low computational cost. It avoids the burden and the uncertainty of combustion and radiation models and the large unknown associated to the burning of a mixture of condensed-phase fuels. It has been shown to provide good thermal and flow results away from the fire.
Quasi-structured meshing is used and, the grid has been systematically refined in order to assess whether or not a grid-independent solution was reached. The degree of convergence of the solution has been estimated by using scaled residual and by monitoring integral values of relevant quantities (typically mass flow rate through tunnel portals) during the solution procedure. The simulations have been considered to be converged when the scaled residuals were lower than 10 -6 with the exception of the energy equation where the maximum allowed value was 10 -8 .
The 1-D Sub-Model
The general methodology of 1-D network models for tunnels is presented in [1, 2, 14] and only a brief overview is given here. The developed 1-D model is based on a generalized Bernoulli formulation. It is designed to account for buoyancy effects, transient fluid-dynamic and thermal phenomena, piston effects and transport of pollutant species. It is developed to handle complex layouts typical of modern tunnel ventilation system (especially true for transverse ventilated tunnel) on the basis of a topological representation of the tunnel network. The fluid dynamic model needs the mass, momentum and energy conservation equations to be solved in the whole domain.
The 1-D problem can be solved after discretizing the computational domain in control volumes which allows the integration of momentum, continuity and energy equations. Typically, the tunnel domain is discretized in oriented elements called branches, interconnected by nodes. More details on the subject including modeling aspects and numerical features and are available in [14] .
Interaction Between 1-D and 3-D Sub-Models
Multiscale techniques are typically based on domain decomposition methods which have been developed for all the discretization techniques (i.e. finite difference, finite volume and finite elements) mainly in the framework of parallel computing. They allow the original single problem to be reformulated on several computational sub-domains. Eventually, this technique can be applied to solve heterogeneous problems which are described by different governing equations as in the present case.
The basic idea is to decompose the global domain into several sub-domains and to solve the resulting problems characterized by smaller domain size. The exact structure of the boundary conditions to be applied at the interfaces depends on the differential operator defining the original set partial differential equations and by the presence of overlapping domain regions. In the case of Navier-Stokes equations two iterative methods are used: Dirichlet-Dirichlet (or Schwartz) and Dirichlet-Neumann [15] . Dirichlet-Dirichlet coupling requires the definition of overlapping regions between 1-D and 3-D sub-domains and its application is cumbersome. The iterative Dirichlet-Neumann does not require the presence of overlapping regions and is easier to implement in FLUENT. This is the approach used here.
The iterative solving algorithm is presented for a general case in which a CFD model of the near field domain (Ω 3D ) is coupled with two 1-D models of far field domains (Ω 1,1D and Ω 2,1D ) located upstream and downstream, respectively. Two interfaces Γ i and Γ j are therefore generated (see Fig. 2 .).
STAGE 3
Ptot,i Ti Ptot,j Tj vi vj Following the same approach presented in Ref. [16] , pressure, velocity and temperature continuity at the 1-D-3-D interfaces is enforced. As shown in Ref. [16] , imposing the continuity of the averaged normal stresses is equivalent to imposing the continuity of the mean pressure. This is adequate because the normal stresses are partially neglected in the 1-D model, and the interfaces are located in regions where the flow is
). Nonetheless, the validity of this assumption is checked in each multiscale computation.
The solution of the multiscale problem is reached by means of iterative computing procedures, known also as interaction model, developed in the framework of domain decomposition methods. This iterative procedure allows the 1-D and CFD models to interact dynamically during the solution procedure by periodically exchanging the boundary conditions at the interface. More details on the subject can be found in Ref. [14] .
The interaction model used here is split into two sub-problems  A 1-D problem of the far fields Ω 1,1D and Ω 2,1D with Dirichlet boundary conditions (velocity boundary conditions) at the interfaces  A 3-D problem of the near field Ω 3D with Neumann boundary conditions (i.e. pressure boundary conditions) at the interfaces The global multiscale convergence is reached by iterating k-times between the two sub-problems until a global solution is obtained.
CASE STUDY: MODERN TUNNEL 1.2 KM LONG
The multiscale technique outlines above has been used to simulate the transient flows generated from the coupling of fire dynamics to the ventilation system in a modern generic tunnel. A schematic of the specific tunnel layout is presented in Fig. 3 . It is a 1200 m long tunnel, 6.5 m high with standard horseshoe cross section of around 53 m 2 and hydraulic diameter around 7.3 m. The tunnel is longitudinally ventilated and equipped with two groups of 5 jet fans pairs 50 m spaced, each group installed near a tunnel portal. The jet fans are rated by the manufacturer at the volumetric flow rate of 8.9 m 3 /s with a discharge flow velocity of 34 m/s. All vehicles are assumed to have left the tunnel safely and no obstacles remain. The emergency ventilation strategy, as for most longitudinally ventilated tunnels, requires the ventilation system to push all the smoke downstream from the incident region, thus avoiding the back-layering effect when smoke spreads against the ventilation flow. Also, the upstream region should be cleared of smoke as soon as possible to allow for safe evacuation and fighting activities. Thus, an adequate ventilation system has to provide air velocities higher than the critical velocity at the location of the fire. Studies on back layering show that the maximum critical velocity is in the range from 2.5 m/s to 3 m/s [10, 11, 17] .
Grid Independence Study
The computational domain has been discretized using quasi structured meshes with refinements introduced close to the walls and in the vicinity of the fire source. Various full CFD runs have been conducted to estimate the mesh requirements. Four different meshes characterized by densities ranging from 100 cells/m to 4000 cells/m were generated and the resulting solutions compared (see Fig. 4 ). The study confirmed that a grid independent solution could be obtained when the mesh density is above 2500 cells/m. An example of CFD solutions computed over the four different mesh patters is presented in Fig. 5 . and refers to a tunnel cross section located 100 m downstream of the fire source. As expected, the computed solutions show larger deviations for the coarse meshes 1 and 2 while convergence of the temperature and velocity fields is obtained for finer meshes 3 and 4. Based on the results, grid independence is considered reached for mesh 3 and therefore, all the following simulations have been conducted using this mesh. More data and details on issue can be found in [2] . The mesh densities providing grid independent results depend on the particular tunnel geometry, ventilation and fire scenario. Therefore, it is recommended to conduct grid independence analysis when different tunnels and fire scenarios are studied. 
Boundary Independence Study
A schematic of the coupling between 1-D model of the far field and CFD model of the near field has been depicted in Fig. 6 . Fig. 6 ). These must be located in a region where the flow is fully developed (i.e. 1-D flow) and characterized by mild longitudinal velocity gradients.
A study has been performed in order to identify the dependence of the local flow field solutions on the position of the 1-D-3-D interfaces and consequently on the dimension of the CFD domain (L 3D in Fig. 6 ). Four different fire sizes ranging from 10 MW to 100 MW have been considered for the study. Flow field data obtained from full CFD simulations have been taken as reference solution. The comparison has been performed on two different reference cross-sections located 10 m and 100 m downstream of the fire source. For sake of simplicity, the results, expressed as relative deviation from the full CFD solutions, are presented in Fig. 7 only for the reference section located 10 m downstream of the fire source. The results show that the error does not depend significantly on the dimension of the fire within that range. The solution for a 20 m long domain provides low accuracy (15 % error). The results become boundary independent and provide less than a few percents error for domain lengths larger than 200 m. The complete analysis, which can be found in Ref. [2] , confirms that if the downstream boundary is located at a distance from the fire larger than 13 times the tunnel hydraulic diameters the multiscale solution in the vicinity of the fire source matches perfectly the full-CFD solution.
On the basis of this estimation, the outlet boundary in this work has been located at distance equal to 20 times the tunnel diameter (~ 150 m) and therefore, the length of the CFD sub-domain is equal to 300 m being the fire located in the middle.
The assumption of fully developed flow conditions at the upstream boundary must be maintained during the whole calculation process. This is most challenging during the initial stages after fire ignition, when the ventilation system has not yet been activated or the airflows are still sub-critical. The back-layering nose will travel towards the upstream 1-D-3-D interface and it must be ensured that it does not cross it. If otherwise, there will be a tunnel region close to the upstream boundary where the computed flow field will present deviation from the full-CFD solution as discussed for the downstream boundary.
A rough estimation of the smoke front velocity in the absence of forced ventilation can be obtained based empirical correlations [18] . However, a posteriori check of the results to confirm that the back-layering nose is contained within the CFD module during sub-critical periods must always be conducted.
Steady-State Results
The results are relative to three different ventilation scenarios involving a 30 MW fire located in the middle of the tunnel and 3, 5 and 10 operating jet fan pairs, respectively. The accuracy of the computed multiscale solution was assessed by comparing both flow field data and integral values to data from full CFD calculations.
The first comparison, relative to Scenario 1, is presented in Fig. 8 which plots temperature and horizontal velocity fields on the tunnel longitudinal plane both for multiscale and full CFD calculations. The multiscale model predictions compare very well to the full CFD predictions. In particular no appreciable differences are observed in the temperature field. Very small differences are observed in the longitudinal velocity field. These small differences are due to the presence of the discharge cone generated by the operating jet fans upstream of the fire source which are included in the full CFD representation. The deviation of integral values for the mass flow rate through the tunnel is smaller than 2 % in all the scenarios involving a 30 MW fires (see Table 1 ). Moreover, it must be stressed that the multiscale calculations required significantly lower computational times (2 h vs. between 48 h and 72 h for the full CFD). More scenarios involving different fire sizes and ventilation scenarios can be found in Ref. [2] . 
Transient Results
The time sequence of event is the following. At time t = 0, a fire is ignited and start growing. After a certain time (time to detection, TD), the fire detection system is triggered and then the ventilation strategy is activated. The airflow in the tunnel accelerates and drives the smoke towards the South portal. When supercritical ventilation velocities are reached, the back-layering starts to retreat towards the seat of the fire.
Once the upstream region of the tunnel is totally free of smoke, it is safe for evacuation and firefighting procedures to take places.
The fire is assumed to take place in middle of the tunnel and reach a peak value of 30 MW. After ignition, the power of the fire (the heat release rate, HRR) grows as shown in Fig. 9 . The fire growth curve has been built on the basis of the work by Carvel [19] applicable to typical fires of European HGVs cargos with a two-step linear growth instead. During the first regime, the fire grows slowly up to 1 or 2 MW at 4 to 14 kW/s, and after a delay typically lasting from 120 to 360 s, the fire transitions to a much faster growth regime at 30 to 400 kW/s. For this case study, average values have been chosen; the slow regime grows at 8 kW/s, the delay is 240 s (4 min) long, and the fast regime grows at 250 kW/s. Hence, the peak power of 30 MW is reached 350 s after ignition and remains at the peak value indefinitely during the simulation. Fig. 9 . Evolution of the growing fire (heat release rate) after ignition and time to detection considered in the transient simulations. The two-step fire growth curve is based on the work of Carvel (2008) [19] .
In general, the time to detection (TD) depends on the technology used, the initial ventilation flows and the fire growth rate. It is approximately 120 s for typical slow growing fire in a tunnel equipped with fiber optic linear detection cables [20] , which is one of the most popular detection technologies in modern tunnels. Shorter detection times could be expected for more efficient detection techniques (i.e. thermal imaging [21] ) or faster growing fires (i.e. pool fires). And longer detection times could be expected if the fire is shielded by obstacles (e.g. wreck), or located inside or underneath the vehicle [22] .
The same three ventilation strategies used for the steady state analysis have been used for the time dependent analysis too (see Table 2 ): Scenario 1 with operating jet fans pairs from #1 to #3 (6 jet fans); Scenario 2 with operating jet fans pairs from #1 to #5 (10 jet fans); Scenario 3 with operating jet fans pairs from #1 to #10 (all 20 jet fans). Each operating jet fan is activated right after the fire is detected and is assumed to reach full thrust 10 s after activation, as for typical modern devices. The detection time has been kept constant equal to 120 s. The simulations are run until steady-state flow conditions in the tunnel are reached, being this less than 10 min in all simulations presented Fig. 10 . Time dependent evolution of the mass flow rate through the tunnel for Scenarios #1, #2 and #3 (see Table 2 ). The time to detection is 2 min. Supercritical conditions (v air > 3 m/s) are reached after 244 s, 190 s and 160 s for Scenarios #1, #2 and #3 respectively Figure 10 shows the temporal evolution of the mass flow rate through the tunnel as computed by the multiscale model for the first three scenarios in Table 2 with a TD of 2 min. Supercritical ventilation conditions, corresponding to bulk flow velocity larger than 3 m/s, are reached 244 s, 190 s and 156 s after ignition (124 s, 70 s and 36 s after fire is detected and ventilation activated) for Scenario #1, #2 and #3, respectively (see Table 2 ). At this moment in time the fire is still in the slow growth regime (except for Scenario #1 for which the fire has just started the fast growth) and the HRR is lower than 2 MW. Steadystate flow conditions are reached in the tunnel at 380 s for Scenario #1, that is 10 s after the fire has reached the peak HRR of 30 MW. For Scenarios #2 and #3, steady-state is reached before the peak HRR at 360 and 300 s, respectively. Scenario #3 shows a small tip at 350 s where a smooth transition from a growing fire to a steady fire takes place. Table 2 ). Temperature values are expressed in K. (not to scale)
There are two events of importance for the fire strategy taking place during a fire emergency. These are the time required to reach supercritical ventilation velocities in the fire region (TC), and the time required to remove the back-layering upstream from the fire (TB) Both are measured from the instant of fire ignition (t = 0), and it is desirable to minimize these so to create a safe passage free of smoke as soon as possible.
The analysis of these results allows for the assessment of the impact of the number of activated jet fans. The simultaneous activation of 10 jet fan pairs (Scenario #3) compared to 3 jet fan pairs (Scenario #1) reduces TC and TB by 36 % and 30 %, respectively. The time to both critical events, either measured from ignition time or from detection time, decreases significantly as the number of activated jet fans increases.
Further simulations have been conducted to assess the impact of TD on the development of the emergency scenario within the tunnel. In particular, the detection time has been first increased to 150 s and then decreased to 90 s. Figure 12 summarizes the findings on the impact of TD on the time required to reach critical velocity in the tunnel. The results contained in Fig. 12 confirm that the values of (TC-TD) are dominated by the number of operating jet fans and that variations in TD only produce a simple shift of TC. This is explained because the ventilation system is able to generate supercritical velocities before the fire has reached a considerable size. For the fastest response case (TD equal to 90 s and 10 operating jet fan pairs) the fire size is 1.25 MW at the time for TC, while for the slowest response case (TD equal to 150 s and 3 operating jet fan pairs) the fire size is 15 MW (half of the peak value). Due to these relatively small HRR values at TC, the dependence of TC-TD on TD is small (the dashed curves in Fig. 12 are almost coincident). This dependence is expected to be more significant for faster developing fires (e.g. pool fires). Figure 13 summarizes the dependence of TB and TB-TD on TD and the number of operating jet fan pairs. As it can be seen, the dependence of TB-TD on TD is more significant because, for longer TD, the upstream smoke has travelled longer distances from the seat of the fire by the time the ventilation system is activated (see Fig. 13 ). This dependence becomes smaller when more jet fans are simultaneously activated given the larger momentum of the ventilation flows in comparison to the buoyancy strength of the plume; indeed, the results tend to converge as the number of operating fans increases.
The results of the transient analysis allow for simultaneous optimization of the ventilation and detection systems. For example, if a fire safety system needs to be designed to cope with a 30 MW fire and to remove back-layering in less than 200 s, the following combined ventilation/detection systems would be equivalent (see Fig. 13 ):
 4 jet fan pairs and a detection technology able to detect the fire within 90 s,  8 jet fan pairs and a detection technology able to detect the fire within 120 s,  14 jet fan pairs and a detection technology able to detect the fire within 150 s.
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The three design options perform equally and thus the final design could be chosen on the basis of logistics, reliability, maintenance and cost reasoning.
CONCLUSIONS
A novel and fast modeling approach is applied to simulate tunnel ventilation flows during fires. The technique is based on the evidence that there are very long tunnel regions where the flow is fully developed (far field), and relatively short portions showing 3-D flow conditions (near field). The multiscale methodology uses different levels of computational sophistication to model each tunnel region saving computational time without decreasing the numerical accuracy.
A multiscale modeling technique has been applied to simulate the transient response during a fire emergency in a realistic tunnel. A series of ventilation scenarios involving a different number of operating jet fans have been simulated. The effects of the mesh size and location of the 1-D-3-D interfaces have also been investigated. It is shown that the accuracy of the multiscale model is high when compared to the full CFD solution. The transient simulations allow for a complete analysis of the ventilation system response and its interaction with the fire. Information on the time required to reach critical velocity conditions, to remove back-layering could be obtained in a computationally efficient approach. This information is fundamental to develop fire safety strategies in tunnels, to design evacuation procedures and to determine the optimum timing for the activation of fire fighting systems (e.g. water mist or deluge systems). The results confirm the importance of number of operating jet fans and the detection time on the ventilation system response.
A reduction of the required computing time by two orders of magnitude is achieved. The multiscale model has been demonstrated to be a valid technique for the simulation of complex road tunnel ventilation systems. It can be successfully adopted to conduct parametric and sensitivity studies, to design longitudinal and transversal ventilation system, to assess system redundancy and to assess the performance under different hazards conditions. Furthermore, the authors believe that the multiscale methodology represents the only feasible tool to conduct accurate simulations in tunnels longer than few kilometers, when the limitation of the computational cost becomes too restrictive.
